Introduction
============

Glaucoma is a common cause of irreversible blindness that is characterized by progressive retinal ganglion cell death, especially at the optic nerve head, resulting in visual field loss.[@b1-opth-11-591] Elevated intraocular pressure (IOP) can cause axonal damage to the optic nerve head and subsequent retinal ganglion cell death; therefore, elevation of IOP is considered a risk factor for multiple forms of glaucoma.[@b2-opth-11-591] Currently, many antiglaucoma drugs used clinically are designed to reduce IOP. Beta-blockers, such as timolol, reduce aqueous humor production by inhibiting the β-adrenoceptors in the ciliary body, resulting in a substantial and sustained reduction in IOP.[@b3-opth-11-591],[@b4-opth-11-591] Pilocarpine, a nonselective muscarinic receptor agonist that is the principal alkaloid derived from South American shrubs of the genus *Pilocarpus*, also reduces IOP. This agent induces contraction of the ciliary muscle, increasing the pull on the scleral spur and opening the trabecular mesh-work, resulting in an increase in trabecular outflow.[@b3-opth-11-591],[@b5-opth-11-591] Carbonic anhydrase inhibitors, such as dorzolamide, inhibit the production of bicarbonate ions, reducing sodium and fluid transport in the ciliary body, thus lowering IOP through suppression of aqueous humor production.[@b3-opth-11-591],[@b6-opth-11-591]

Rho-associated coiled-coil-forming protein kinase (ROCK) is a downstream effector of the Rho family of GTPases. This kinase enzyme has been reported to reduce the contractility of ciliary smooth muscles by modulation of myosin phosphatase activity.[@b7-opth-11-591] In in vitro experiments using cultured cells derived from the trabecular meshwork and from Schlemm's canal, inhibition of Rho kinase activity was demonstrated to cause changes in actin cytoskeleton focal adhesion and cell--matrix and cell--cell interactions in such cells.[@b8-opth-11-591],[@b9-opth-11-591] Thus, ROCK inhibitors increase aqueous outflow by altering the permeability of Schlemm's canal, resulting in a substantial reduction in IOP. ROCK inhibitors decrease IOP by increasing aqueous outflow; however, the mechanism of action of these agents differs substantially to that of pilocarpine.[@b10-opth-11-591]

The clinical use of eye drops containing more than one active agent with different mechanisms of action might result in enhanced IOP reduction relative to treatment with a single active agent. This study aimed to compare the ocular hypotensive effects of ripasudil, pilocarpine, timolol and dorzolamide in rabbit. We also examined the ocular hypotensive effects of the ROCK inhibitor ripasudil when combined with pilocarpine, dorzolamide or timolol in rabbits.

Materials and methods
=====================

Animals
-------

The animals were housed and treated according to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. All animals used in this investigation were housed in animal facilities with a constant room temperature of 23°C with a 12-h light/12-h dark cycle (lights on at 08:00 h) for at least 7 days before measurements. All procedures performed in studies involving animals were approved by the Committee on Animal Experimentation and Committee of Research Facilities for Laboratory Animal Science at the Natural Science Center for Basic Research and Development at Hiroshima University. One eye from each of the eight 10- to 12-week-old male Japanese albino rabbits, each weighing 2--3 kg, was used for all experimental sessions in this study.

Chemicals
---------

Four types of antiglaucoma drugs were used in this study: 0.4% ripasudil hydrochloride hydrate (Kowa Company, Ltd., Nagoya Japan), 0.5% timolol malate (Santen Pharmaceutical Co., Ltd., Osaka, Japan), 2% pilocarpine hydrochloride (Santen Pharmaceutical Co., Ltd.), and 1% dorzolamide hydrochloride (Banyu Pharmaceutical Co., Ltd., Tokyo, Japan). Prostaglandin analogs have been proven to exhibit poor effect on ocular normotensive rabbits, and hence we did not use any such analogs in our study.[@b11-opth-11-591],[@b12-opth-11-591] All commercially available eye drops were applied to the rabbits' eyes without changing the formulation of the eye drops.

Topical instillation of ocular hypotensive agents and placebo
-------------------------------------------------------------

Each drug was administered to the eight eyes of eight rabbits, and IOPs were measured on the same day. One week later, the next session began using the next drug regime on the same animals. All drugs were initially administered as single agents. Following this initial administration, one of three combinations of agents was administered: first 0.4% ripasudil with 0.5% timolol; second, 0.4% ripasudil with 2% pilocarpine; and finally 0.4% ripasudil with 2% dorzolamide. Where combinations of agents were used, 0.4% ripasudil was administered first, followed 5 min later by administration of the second agent. Saline solution (0.9% NaCl) was administered as the control treatment. The interval between the experimental sessions on each eye was 1 week.

IOP measurement
---------------

IOP was measured using a rebound tonometer (Tiolat Oy, Helsinki, Finland) according to the instruction manual; specifically, measurements were taken 6 mm from the center of the cornea with the probe perpendicular to the corneal plane. We converted the IOP readings from the rebound tonometer to the real IOP values using the equation obtained in prior experiments[@b13-opth-11-591]: $$\text{True}\ \text{IOP} = 1.63 \times \left( {\text{rebound}\ \text{tonometer}\ \text{value}} \right) + 9.35$$

Only the left eyes were used for experiments. IOP measurements were obtained prior to drug administration, and at 0.5, 1, 2 and 5 h after topical application of either a saline solution or the ocular hypotensive agents. IOP was measured at each time point (each measurement consisting of a mean of seven IOP readings). All measurements of IOP were performed between 10:00 and 15:00 h.

Statistical analyses and calculations
-------------------------------------

Data were analyzed using a one-way analysis of variance (ANOVA) to assess the time course of changes in IOP over 5 h after instillation of each drug or drug combination. IOP in response to treatment with different agents was also compared between drugs used at each postoperative time point. If significant differences were observed following the ANOVA, Dunnett's post hoc test for multiple comparisons was performed to identify time points showing IOP values that were significantly different to baseline IOP levels or to the effects of the vehicle control (0.9% NaCl). Data are expressed as the mean ± standard deviation and mean difference. A *P*-value of \<0.05 was considered statistically significant. Bonferroni's correction was used to adjust the *P*-values for multiple comparisons of individual time points. Statistical analyses were performed using SPSS statistical analysis software (SPSS Inc. Released 2007. SPSS for Windows, Version 16.0.; SPSS Inc., Chicago, IL, USA).

Results
=======

IOP in the control group was higher at 0.5 and 1 h posttreatment, then started to decrease at 2 h and reached the lowest level at 5 h posttreatment ([Figure 1](#f1-opth-11-591){ref-type="fig"}). Eyes treated with either timolol, dorzolamide or pilocarpine showed a similar pattern of changes in IOP. In eyes treated with ripasudil, IOP started to decrease at 0.5 h and reached a minimum level at 1 h, with an upward trend at 2 and 5 h posttreatment.

Eyes treated with the combination of timolol and ripasudil had the lowest IOP at 0.5 h posttreatment, with an upward observed between 1 and 5 h posttreatment. Eyes treated with either dorzolamide or pilocarpine in combination with ripasudil showed a downward trend in IOP from 0.5 to 2 h, with an increase at 5 h posttreatment ([Figure 2](#f2-opth-11-591){ref-type="fig"}).

One-way ANOVA showed IOP after topical application of saline, ripasudil, timolol, dorzolamide and combination of ripasudil and timolol showed significant IOP changes ([Table 1](#t1-opth-11-591){ref-type="table"}). The Dunnett's post hoc test for multiple comparisons revealed that 0.5, 1 and 2 h after combined ripasudil and timolol application, the IOP was significantly lower compared with IOP before application (significant difference using one-way ANOVA after Bonferroni's correction *P*\<0.0125).

The comparison of all agents using a one-way ANOVA at each time point revealed significant differences in IOP at 0.5 h (*P*\<0.0001) and 1 h (*P*\<0.0001) posttreatment ([Table 1](#t1-opth-11-591){ref-type="table"}). Treatment with ripasudil (*P*=0.007) resulted in significant reductions in IOP at 0.5 h posttreatment compared with IOP in the control group; however, treatment with timolol (*P*=0.921), pilocarpine (*P*=0.975), dorzolamide (*P*=1.000), ripasudil plus timolol (*P*=0.019), pilocarpine plus ripasudil (*P*=0.053) or dorzolamide plus ripasudil (*P*=0.083) had no significant effect upon IOP compared with controls. At 1 h posttreatment, treatment with ripasudil alone (*P*\<0.0001) and treatment with ripasudil plus timolol, pilocarpine or dorzolamide (all *P*\<0.0071) all resulted in statistically significant reductions in IOP compared with controls ([Table 2](#t2-opth-11-591){ref-type="table"}).

Comparisons of the effects of ripasudil alone versus those of ripasudil in combination with timolol, pilocarpine or dorzolamide revealed significant differences in IOP 2 h after topical application. However, no statistically significant differences were observed after correction for multiple comparisons ([Table 3](#t3-opth-11-591){ref-type="table"}).

Discussion
==========

In this study, application of the control solution resulted in a transient increase in IOP at 1 h after the initial IOP measurement (3 h after lights on), followed by a gradual decrease in IOP. This effect might be explained by the diurnal changes in IOP in the rabbits used in our study. These changes in IOP are somewhat different to those described in previous reports and we are unable to clarify the reasons for the variations.[@b14-opth-11-591] Treatment with timolol, pilocarpine or dorzolamide had no significant effects on IOP, and the fluctuations in IOP were similar to those observed in the control group. Treatment with ripasudil either alone or in combination with other agents resulted in significant reductions in IOP. These differences reached a maximum of 4.5 mmHg relative to controls at 1 h posttreatment. The combination of timolol, pilocarpine or dorzolamide with ripasudil resulted in significant reductions in IOP compared with controls at the 1 h time point. These data indicate that ripasudil is more effective than timolol, pilocarpine or dorzolamide in terms of reducing IOP in rabbits. Despite the significant effects of ripasudil in combination with other agents, the decrease in IOP induced by ripasudil alone was similar to that of any combination therapy.

Data from many studies indicate that ROCK mediates contraction of the trabecular meshwork[@b15-opth-11-591],[@b16-opth-11-591] and that inhibition of ROCK results in a substantial reduction in IOP in rabbits.[@b8-opth-11-591],[@b17-opth-11-591],[@b18-opth-11-591] One ROCK inhibitor, H-1152P, has been demonstrated to result in a significant, long-lasting, dose-dependent reduction in IOP in the eyes of rabbits with no underlying pathology.[@b18-opth-11-591] ROCK inhibition relaxes vascular smooth muscle cells by rendering them less sensitive to intracellular Ca^2+^. A similar effect upon trabecular mesh-work cells might explain the increased trabecular outflow and reduction in IOP produced by ROCK inhibition.[@b19-opth-11-591] In our study, topical application of timolol alone had no significant effect on IOP. This lack of an effect might be explained by the fact that, in rabbits, aqueous humor production and IOP are regulated by circadian rhythms. In the 12-h light/12-h dark cycle used in this study, IOP of the rabbits is relatively low during the light phase and relatively high during the dark phase.[@b14-opth-11-591] We applied timolol during the light phase, 2 h after the light being switched on. However, timolol is largely ineffective in rabbits during the light phase.[@b20-opth-11-591] This ineffectiveness of timolol in reducing IOP in rabbits suggests that tonic adrenergic stimulation of aqueous humor production is weak during the light phase.[@b21-opth-11-591],[@b22-opth-11-591] This effect might explain the lack of any significant IOP-lowering effects of timolol and might also explain the lack of an additive IOP-lowering effect when combined with ripasudil.

Our study shows that both pilocarpine and dorzolamide also had no significant effects on IOP when applied as single agents. Dorzolamide has been reported to decrease IOP in rabbits during both dark and light phases. Sugrue et al[@b23-opth-11-591] reported that the IOP of normotensive, conscious, albino rabbits significantly decreased, with a maximum reduction in IOP of 3.3 mmHg occurring at 1 h after topical administration of a single drop of dorzolamide. Nagata et al[@b24-opth-11-591] detected a decrease in IOP after topical application of pilocarpine to the eyes of albino rabbits in the light phase. We have no obvious explanation for the lack of a reduction in IOP observed with dorzolamide and pilocarpine in our study. Sugrue et al[@b23-opth-11-591] and Nagata et al[@b24-opth-11-591] measured IOP using an applanation pneumatonograph driven by chlorofluorocarbons (CFCs), which allowed IOP values to be obtained continuously for a few seconds. Applanation pneumatonograph, using CFCs, provides reliable measurements of IOP in experimental animals. However, CFCs can no longer be used freely owing to the risks of damage to the environment by this class of compounds. Dinslage et al[@b25-opth-11-591] used implantable pressure monitors to measure the effects of several ocular hypotensive drugs on IOP in rabbits: these investigators showed that a 2% pilocarpine solution has no significant effects on IOP whereas treatment with 2% dorzolamide results in a significant reduction in IOP. Takenaka et al[@b26-opth-11-591] measured IOP in the eyes of rabbits using a Tonopen XL^®^ applanation tonometer, a Perkins tonometer and a rebound tonometer. These researchers showed the Pearson correlation coefficients between the true IOP obtained using a pressure transducer and the IOPs measured using the Tonopen XL tonometer, the Perkins tonometer or the rebound tonometer were 0.83, 0.96 and 0.97, respectively. IOPs measured using the rebound tonometer had the smallest variations from the pressure transducer readings, followed by those obtained using the Perkins tonometer and the Tonopen XL tonometer. These researchers concluded that the rebound tonometer is the most effective for measurement of IOP in rabbit models of glaucoma. No published data are available comparing the reliability and accuracy of the rebound tonometer with that of the pneumatonograph. Differences in the type of tonometry used to measure IOP might explain these variable results.

Tanihara et al[@b27-opth-11-591] found that both timolol and latanoprost have an additive IOP-lowering effect when combined with ripasudil in humans. The mechanisms of action of timolol and latanoprost are each distinctly different from that of ripasudil: timolol reduces aqueous humor production and latanoprost acts by enhancing uveoscleral outflow. In our study, although the combination of ripasudil with other drugs with ocular hypotensive effects resulted in significant reductions in IOP compared with controls, the coadministration of timolol, dorzolamide or pilocarpine with ripasudil did not enhance the IOP-lowering effects of ripasudil in our model.

In this study, treatment with ripasudil resulted in a significant reduction in IOP in rabbit eyes. This strong effect of ripasudil might have masked the weaker IOP-lowering effects of timolol, pilocarpine or dorzolamide when combined with ripasudil. Furthermore, physiological differences between rabbit and human eyes may also have affected the relevance of these findings to human patients. Yamagishi et al[@b28-opth-11-591] evaluated the interactions of ripasudil with pilocarpine when applied concomitantly in mice. These investigators were unable to demonstrate additive IOP-lowering effects of pilocarpine when used with ripasudil. These investigators speculated that interactions between the effects of ripasudil and pilocarpine on aqueous outflow pathways in the trabecular meshwork diminished the IOP-lowering effects of each agent, based on the findings of immunohistochemical analysis of cells of the trabecular meshwork. Species differences in the responses of animals to experimental drugs will remain a challenge to drug discovery programs that aim to identify new treatments for human diseases.

In this study, we used rabbits with IOP levels in the normal range and measured IOP during the light phase, during which IOP is generally lower than that in the dark phase. The use of ocular normotensive rabbits is potentially a limitation of our study. Gupta et al[@b29-opth-11-591] compared the effects of three ocular hypotensive agents and showed that the peak IOP-lowering effects of pilocarpine, timolol and latanoprost in normotensive rabbit eyes were 18.23%, 20% and 22.56%, respectively. However, in water-loaded rabbits, latanoprost (40.27%) conferred the highest level of protection against elevated IOP, followed by timolol (31.39%) and pilocarpine (28.91%). This study demonstrates that increasing IOP using water-loading results in greater reductions in IOP by ocular hypotensive agents. However, the relative effects were similar to those in normotensive rabbit eyes.

ROCK inhibitors are a new type of antiglaucoma drug, with a distinctly different mechanism of action to those of other established ocular hypotensive agents. Our study revealed that ripasudil has a strong ocular hypotensive effect compared with that of pilocarpine, timolol or dorzolamide in our rabbit model. The addition of timolol, pilocarpine or dorzolamide to ripasudil did not enhance the IOP-lowering effects of ripasudil in normal albino rabbits. The different responses to ripasudil observed in human and animal eyes require further research. We have discussed our results in the context of different animal models, different tonometers and the different actions of IOP lowering drugs. Further research in elucidating the pharmacology of ROCK inhibitors in different models will result in a better understanding of ripasudil and lead to more effective treatment of patients with glaucoma.
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![Time course of changes in IOP in rabbits treated with single agents.\
**Notes:** In the ripasudil group, IOP significantly decreased 0.5 posttreatment (^\*^significant difference using Dunnett's test after Bonferroni's correction, *P*=0.007), reaching a minimum level at 1 h posttreatment (^\*\*^significant difference using Dunnett's test after Bonferroni's correction, *P*\<0.0001) with a trend toward increased IOP at 2--5 h posttreatment. Treatment with timolol or pilocarpine resulted in increased IOP at 0.5 to 1 h posttreatment, followed by a decrease at 2 h posttreatment, reaching a minimum level at 5 h posttreatment. Effects of dorzolamide were similar to those of timolol or pilocarpine, although IOP had reached its maximum at 0.5 h posttreatment and minimum IOP at 2 h posttreatment.\
**Abbreviations:** IOP, intraocular pressure; Rip, ripasudil; Tim, timolol; Pilo, pilocarpine; Dor, dorzolamide.](opth-11-591Fig1){#f1-opth-11-591}

![Time course of changes in IOP in rabbits treated with combinations of agents.\
**Notes:** Treatment with the combination of timolol and ripasudil resulted in a decrease to the minimum IOP level at 0.5 h posttreatment with a trend toward increased IOP observed between 1 and 5 h posttreatment. Treatment with either dorzolamide or pilocarpine in combination with ripasudil resulted in a trend toward decreased IOP from 0.5 to 2 h. At 1 h posttreatment, all combination groups have significant IOP differences compared to control (^\*^significant difference using Dunnett's test after Bonferroni's correction, *P*\<0.0071).\
**Abbreviations:** IOP, intraocular pressure; Rip, ripasudil; Tim, timolol; Pilo, pilocarpine; Dor, dorzolamide.](opth-11-591Fig2){#f2-opth-11-591}

###### 

IOP changes after installation of each agent

  Time course   Agents                                                *P*-value                                                                                                                                                                                                                                                         
  ------------- ----------------------------------------------------- ----------------------------------------------------- -------------------------------------------------------- ---------- -------------------------------------------------------- -------------------------------------------------------- ---------- ---------- ------------------------------------------------------
  0 h           20.6±2.9                                              20.6±2.5                                              19.1±1.2                                                 21.0±2.0   20.6±2.0                                                 21.6±1.5                                                 20.1±2.1   20.8±3.4   0.643
  0.5 h         20.6±1.8                                              17.5±2.1                                              20.8±2.1                                                 21.2±2.1   23.8±2.0                                                 17.9±1.4                                                 18.3±1.9   18.5±1.2   \<0.0001[\*](#tfn2-opth-11-591){ref-type="table-fn"}
  1 h           21.8±2.3                                              17.3±1.8                                              21.2±0.8                                                 22.6±2.7   22.0±3.0                                                 18.1±1.5                                                 17.9±1.7   18.3±2.3   \<0.0001[\*](#tfn2-opth-11-591){ref-type="table-fn"}
  2 h           19.1±1.2                                              17.7±2.7                                              18.7±1.9                                                 20.1±2.7   18.5±2.1                                                 18.5±0.8                                                 17.9±2.4   17.7±2.0   0.294
  5 h           18.5±1.2                                              19.5±1.4                                              17.9±0.8                                                 19.9±2.6   19.5±1.2                                                 19.7±1.7                                                 18.7±2.1   18.9±1.4   0.2
  *P*-value     0.022[\*\*](#tfn3-opth-11-591){ref-type="table-fn"}   0.016[\*\*](#tfn3-opth-11-591){ref-type="table-fn"}   \<0.0001[\*\*](#tfn3-opth-11-591){ref-type="table-fn"}   0.225      \<0.0001[\*\*](#tfn3-opth-11-591){ref-type="table-fn"}   \<0.0001[\*\*](#tfn3-opth-11-591){ref-type="table-fn"}   0.199      0.084      --

**Notes:** The data are expressed as mean ± SD. The number of rabbits was 8. NaCl, NaCl 0.9%; Rip, ripasudil 0.4%; Tim, timolol 0.5%; Pilo, pilocarpine 2%; Dor, dorzolamide 2%; Tim + Rip, combination of timolol 0.5% and ripasudil 0.4%; Pilo + Rip, combination of pilocarpine 2% and ripasudil 0.4%; Dor + Rip, combination of dorzolamide 2% and ripasudil 0.4%.

Significant difference using one-way ANOVA among all treatment groups (*P*\<0.05).

Significant difference compared to the IOP before treatment using one-way ANOVA (*P*\<0.05).

**Abbreviations:** IOP, intraocular pressure; ANOVA, analysis of variance; SD, standard deviation.

###### 

Comparison of IOP between control and ocular hypotensive agents

  Time points (h)   Agents (I)       IOP (mmHg)   *P* compared with each control
  ----------------- ---------------- ------------ ------------------------------------------------------
  0.5               Control (NaCl)   20.6         --
                    Rip              17.5         0.007[\*](#tfn6-opth-11-591){ref-type="table-fn"}
                    Tim              20.8         0.921
                    Pilo             21.2         0.975
                    Dor              23.8         1
                    Tim + Rip        17.9         0.019
                    Pilo + Rip       18.3         0.053
                    Dor + Rip        18.5         0.083
  1                 Control (NaCl)   21.8         --
                    Rip              17.3         \<0.0001[\*](#tfn6-opth-11-591){ref-type="table-fn"}
                    Tim              21.2         0.683
                    Pilo             22.6         0.983
                    Dor              22           0.918
                    Tim + Rip        18.1         0.003[\*](#tfn6-opth-11-591){ref-type="table-fn"}
                    Pilo + Rip       17.9         0.002[\*](#tfn6-opth-11-591){ref-type="table-fn"}
                    Dor + Rip        18.3         0.005[\*](#tfn6-opth-11-591){ref-type="table-fn"}

**Notes:** The number of rabbits was 8. NaCl, NaCl 0.9%; Rip, ripasudil 0.4%; Tim, Timolol 0.5%; Pilo, pilocarpine 2%; Dor, dorzolamide 2%; Tim + Rip, combination of Timolol 0.5% and ripasudil 0.4%; Pilo + Rip, combination of pilocarpine 2% and ripasudil 0.4%; Dor + Rip, combination of dorzolamide 2% and ripasudil 0.4%.

Significant difference using Dunnett's test after Bonferroni's correction (*P*\<0.0071).

**Abbreviation:** IOP, intraocular pressure.

###### 

Comparison of IOP between ripasudil monotherapy and combination therapy

  Time course (h)   Agents     *P*-value                         
  ----------------- ---------- ----------- ---------- ---------- ---------------------------------------------------
  0                 20.6±2.5   21.6±1.5    20.1±2.1   20.8±3.4   0.827
  0.5               17.5±2.1   17.9±1.4    18.3±1.9   18.5±1.2   0.859
  1                 17.3±1.8   18.1±1.5    17.9±1.7   18.3±2.3   0.907
  2                 17.7±2.7   18.5±0.8    17.9±2.4   17.7±2.0   0.028[\*](#tfn8-opth-11-591){ref-type="table-fn"}
  5                 19.5±1.4   19.7±1.7    18.7±2.1   18.9±1.4   0.759

**Note:**

Significant difference using one-way ANOVA among all treatment groups (*P*\<0.05).

**Abbreviations:** IOP, intraocular pressure; Rip, ripasudil; Tim, timolol; Pilo, pilocarpine; Dor, dorzolamide; ANOVA, analysis of variance.
